Escherichia coli lacking the glucose phosphotransferase system (PTS), mannose PTS and glucokinase are supposedly unable to grow on glucose as the sole carbon source (Curtis SJ, Epstein W. J Bacteriol 1975;122:1189-1199. We report that W ptsG manZ glk (ALS1406) grows slowly on glucose in media containing glucose with a second carbon source: ALS1406 metabolizes glucose after that other carbon source, including arabinose, fructose, glycerol, succinate or xylose, is exhausted. Galactose is an exception to this rule, as ALS1406 simultaneously consumes both galactose and glucose. The ability of ALS1406 to metabolize glucose in a xylose-glucose mixture was unchanged by an additional knockout in any single gene involved in carbohydrate transport and utilization, including agp (periplasmic glucose-1-phosphatase), galP (galactose permease), xylA (xylose isomerase), alsK (allose kinase), crr (glucose PTS enzyme IIA), galK (galactose kinase), mak (mannokinase), malE (maltose transporter), malX (maltose PTS enzyme IIBC), mglB (methyl-galactose transporter subunit), nagE (N-acetyl glucosamine PTS enzyme IICBA), nanK (N-acetyl mannosamine kinase) or pgm (phosphoglucose mutase). Glucose metabolism was only blocked by the deletion of two metabolic genes, pgi (phosphoglucose isomerase) and zwf (glucose-6-phosphate 1-dehydrogenase), which prevents the entry of glucose-6-phosphate into the pentose phosphate and Embden-Meyerhof-Parnas pathways. Carbon-limited steady-state studies demonstrated that xylose must be sub-saturating for glucose to be metabolized, while nitrogen-limited studies showed that xylose is partly converted to glucose when xylose is in excess. Under transient conditions, ALS1406 converts almost 25 % (mass) xylose into glucose as a result of reversible transketolase and transaldolase and the re-entry of carbon into the pentose phosphate pathway via glucose-6-phosphate 1-dehydrogenase.
INTRODUCTION
Carbohydrates are predominantly transported into bacterial cells by two active transport systems: the phosphoenolpyruvate (PEP) phosphotransferase system (PTS) and the ATP-binding cassette (ABC) transporters. Carbohydrates must be phosphorylated in order to be metabolized by the cell, and the PTSs phosphorylate carbohydrates in conjunction with transport, whereas carbohydrates entering via the ABC transporters are phosphorylated by sugar kinases. Gene deletions of transporters and sugar kinases typically prevent sugar metabolism, and Escherichia coli strains with knockouts in the ptsG, manZ and glk genes have previously been described as being unable to grow on glucose as the sole carbon source [1] . The ptsG gene which encodes the enzyme IICB Glc of the glucose PTS is very specific for D-(+)-glucose [2] . The manZ gene encodes the IID Man domain of the mannose PTS [3] , and the protein product is able to phosphorylate mannose and glucose, as well as their derivatives altered at the C2 position [1] . The glk gene encodes glucokinase, which phosphorylates glucose in the cytoplasm using ATP in strains lacking the PTS [4] .
We previously used E. coli strains containing knockouts in the ptsG manZ glk genes as a means to eliminate glucose consumption [5, 6] . One value of a strain unable to metabolize glucose, for example, is that these cells maintain the ability to metabolize other sugars such as xylose and arabinose. Thus, in a mixture of multiple sugars, such as those found in lignocellulosic hydrolysates [7] , a consortium of strains can be introduced, which each selectively convert one specific carbohydrate into a desired product [6, 8] . Here, we report that this triple mutant is able to consume glucose slowly, and in fact is able to generate glucose under certain circumstances. The goal of this research was to investigate methods to eliminate all residual glucose consumption, and to elucidate the pathway used for glucose formation.
GGGGATCCGTCGACC 3¢ contained the ATG start of the alsK coding sequence and the preceding 47 bases, followed by bases 1315-1334 of pKD13, while the reverse primer 5¢ GACATTGCGCTACTGTGCCAACGTTTTACTCATGGG GCTTTAGCACAGAATGTAGGCTGGAGCTGCTTCG 3¢ contained the last 21 bases of the alsK coding sequence, including the TGA stop codon and the next 29 bases, followed by bases 32-51 of pKD13 (those bases homologous to pKD13 are underlined). The two primers were used to amplify a 1006 bp fragment from pKD13 DNA using PCR with Pfu polymerase. The resulting DNA was gel-isolated and electroporated into DY330 electrocompetent cells prepared as described previously [11] . Kanamycin-resistant colonies were then selected. The presence of the alsK :: (FRT)Kan knockout was confirmed by performing PCR with primers that could amplify the alsK coding sequence, and then a P1 vir lysate was made to transduce the alsK :: (FRT)Kan knockout into MG1655.
To simplify the construction of the additional strains required in this study, both crr :: Gen and manZ :: Cam knockouts were generated using the lambda Red recombination system [10, 11] . To make the crr :: Gen knockout, primers that could amplify the gentamicin acetyltransferase gene and promoter from Tn10dGn [12] bracketed by the first and last 50 bases of the crr coding sequence were designed. The forward primer 5¢ ATGGGTTTGTTCGATAAACTGAAATCTCTGGTTTCCG ACGACAAGAAGGAGCACGAACCCAGTTGACATA 3¢ contained the first 50 bases of the crr coding sequence, followed by bases 395-414 of Tn10dGn, while the reverse primer 5¢ TTACTTCTTGATGCGGATAACCGGGGTTTCACC-CACGGTTACGCTACCGGAGGCCCAAAAGGCTAGAAA G 3¢ contained the last 50 bases of the crr coding sequence, followed by bases 1319-1338 of Tn10dGn (those bases homologous to Tn10dGn are underlined). The two primers were used to amplify a 1044 bp fragment from Tn10dGn DNA using PCR with Pfu polymerase. The resulting DNA was gel-isolated and electroporated into DY330 electrocompetent cells prepared as described previously [11] . Gentamycin-resistant colonies were then selected. The presence of the crr::Gen knockout was confirmed by performing PCR with primers that could amplify the crr coding sequence, and then a P1 vir lysate was made to transduce the crr :: gen knockout into MG1655. To make the manZ :: Cam knockout, primers that could amplify the chloramphenicol acetyltransferase gene and promoter from pACYC184 [13] bracketed by the first and last 50 bases of the manZ coding sequence were designed. The forward primer 5¢ GTGAGCGAAATGGTTGATACAACTCAAAC TACCACCGAGAAAAAACTCACTTGAGAAGCACACGG TCACA 3¢ contained the first 50 bases of the manZ coding sequence, followed by bases 3601 to 3620 of pACYC184, while the reverse primer 5¢ TTACAGTCCCAGCAGGCCGCA AGCGTAACCAGCGATACCGATGACGAAGATACCTGT GACGGAAGATCAC 3¢ contained the last 50 bases of the manZ coding sequence followed by bases 400 to 419 of pACYC184 (those bases homologous to pACYC184 are underlined). The two primers were used to amplify a 1163 bp fragment from pACYC184 DNA using PCR with Pfu polymerase. The resulting DNA was gel-isolated and electroporated into DY330 electrocompetent cells prepared as described previously [11] . Chloramphenicol-resistant colonies were then selected. The presence of the manZ :: Cam knockout was confirmed by performing PCR with primers that could amplify the manZ coding sequence and then a P1 vir lysate was made to transduce the manZ :: Cam knockout into MG1655. The crr :: Gen and manZ :: Cam knockouts were then moved into other strains by P1 transduction.
We found that the galK729(FRT) :: Kan knockout from the Keio collection was not galactose -, as expected. For this reason we used the DgalK539 :: lacZp-tetR-mCerulean,kan cassette to make the galK knockout in this study. kanamycin. The medium was adjusted to a pH of 7.0 with 20 % (w/v) NaOH.
Growth conditions

Batch cultures
For batch cultures, bacteria were first grown at 37 C with agitation at 250 r.p.m. (19 mm pitch) in 250 ml shake flasks containing 50 ml medium with 7 g l À1 of a single sugar. When the OD of this culture reached approximately 3, the flask contents were diluted with fresh medium, so that 100 ml with an effective OD of 1.5 was used to inoculate the bioreactor containing 0.9 l medium with either 7 g l À1 of a single carbon source or that carbon source in the presence of glucose (both at a concentration of 7 g l À1 ). Batch experiments were carried out in a 2.5 l bioreactor (Bioflo 2000, New Brunswick Scientific Co., Edison, NJ, USA) maintained at 37 C with air sparged at a flow rate of 1.0 l min
À1
, an agitation of 500 r.p.m., and the pH controlled at 7.0 using 20 % (w/v) NaOH.
A comparison of MG1655 and MG1655 crr (ALS1155) was completed by first growing either strain at 37 C with agitation at 250 r.p.m. (19 mm pitch) in 250 ml shake flasks containing 30 ml basal medium with 7 g l À1 of a single sugar. When the OD of this culture reached approximately 1, 5 ml was transferred to a second shake flask containing 45 ml basal medium with 7 g l À1 of a single sugar from which the OD was measured to determine growth rates. Each of these studies was independently completed two or three times.
Chemostat
Steady-state cultures were carried out as chemostats in the same 2.5 l vessels used for batch cultures. After an initial batch phase, a feed containing each carbon source at 3.0 g l À1 and other nutrients as described above was continuously supplied to achieve a dilution rate of 0.25 h
À1
. The volume was maintained at 1.0 l, and steady-state was attained after five residence times (20 h). The pH was maintained at 7.0 using 20 % (w/v) NaOH, the temperature was maintained at 37 C, air was sparged at 0.5 l min À1 and the agitation was 500 r.p.m. to prevent oxygen limitation. For carbon-limited conditions, the medium contained 4.0 g l À1 (NH 4 ) 2 HPO 4 , as described above, while for nitrogen-limited conditions the medium contained 0.5 g l À1 (NH 4 ) 2 HPO 4 as the sole nitrogen source.
Analyses
The OD measured at 600 nm (DU-650 spectrophotometer, Beckman Instruments, San Jose, CA, USA) was used to monitor cell growth, and this value was correlated to dry cell mass. For HPLC and NMR analyses, samples were centrifuged (10 min at 5000 g at room temperature) in a 5430R centrifuge (Eppendorf North America, Hauppauge, NY, USA). Each cell-free supernatant was then filtered through a 13 mmÂ0.45 µm Teflon syringe filter (Celltreat Sci. Products, Pepperell, MA, USA). The HPLC method was based on a previous method [14] . Briefly, mixtures were eluted at 0.6 ml min À1 using 4 mN sulfuric acid (pH 2.4) at a temperature of 60 C through a 7.8Â300 mm IC Sep Coregel-64H column (Transgenomic, Omaha, NE, USA). The HPLC system was a Prominence unit using an RID-10A refractive index detector (Shimadzu Corp., Kyoto, Japan).
Cell lysis and RNA extraction A 1 ml sample with an OD600 of 0.5 to 0.6 was mixed with the QIAGEN RNA protect reagent in a volumetric ratio of 1 : 2, incubated for 5 min at room temperature (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) C) and centrifuged (5000 g for 10 min). The supernatant was discarded, and the pellet was stored at À20 C. The lysis reagent comprised 200 µl of TES buffer containing 10 mg ml À1 lysozyme and 15 µl proteinase K. Addition of lysis reagent was followed by incubation in a water bath at 37 C for 10 min and three freeze-thaw cycles [15] . Total RNA was extracted using the QIAGEN RNeasy Mini Kit and genomic DNA was removed using the QIAGEN RNaseFree DNase Set.
cDNA synthesis Single-stranded cDNA was synthesized from total RNA using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). 5 µg of total RNA was combined with the following components on ice (per sample): 2 µl of 50 ng µl À1 random hexamers, 2 µl of 10 mM dNTP mix and diethylpyrocarbonate-treated water to make up the total volume to 26 µl. The samples were incubated at 65 C for 5 min in a thermocycler (Finnzymes, Vantaa, Finland). The first strand cDNA synthesis mix consisted of the following reagents (per reaction): 8 µl 5Â first-strand buffer, 2 µl 0.1 M dithiothreitol, 2 µl RNase OUT, 2 µl SuperScript III reverse transcriptase and 14 µl of first-strand cDNA synthesis master mix. After thorough mixing, samples were incubated at 50 C for 4 h and at 70 C for 15 min in the thermocycler. 2 µl of RNase H was added to the PCR product to remove RNA complementary to the cDNA, and this was followed by incubation at 37 C for 20 min in the thermocycler. cDNA cleanup was carried out using the QIA-GEN Qiaquick PCR Purification kit.
Microarray analysis
Escherichia coli K12 (4Â72K format) microarrays were used in this study (Roche NimbleGen catalogue #A6697-00-01). The labelling, hybridization, washing and image-scanning steps were performed at a core facility at Florida State University. ArrayStar software was used for data analysis (DNASTAR, Madison, WI, USA).
C NMR study and analysis
One batch process with 7 g l À1 xylose and 7 g l À1 glucose was conducted as described above using ALS1406, but 10 h after the xylose was exhausted a sugar mixture (1 : 1) was added, comprising D-(+)-[1- [22] . NMR data were processed and signal intensities measured using Felix (Accelrys, San Diego, CA, USA).
RESULTS
Batch growth of E. coli ptsG manZ glk An E. coli strain containing knockouts of the ptsG manZ and glk genes has been described previously as being unable to grow on glucose as the sole carbon source [1] . However, we noticed that various E. coli strains containing deletions of the ptsG, manZ and glk genes were able to grow slowly on glucose in the presence of a second carbon source, including E. coli MG1655 ptsG manZ glk and E. coli MC4100 ptsG manZ glk. We selected ALS1406 (W ptsG manZ glk) to examine this phenomenon more closely because this strain appeared to consume glucose most quickly. In controlled batch processes with mixtures of 7 g l À1 of a 'primary' carbon source (arabinose, fructose, galactose, glycerol, succinate or xylose) and 7 g l À1 glucose, ALS1406 consumed the primary carbon source first, but invariably consumed glucose after consumption of the primary carbon source. When we attempted to grow ALS1406 solely on glucose, no growth was observed after about 48 h of culture.
For fructose, glycerol, succinate or xylose the presence of glucose did not significantly impact the growth rate of ALS1406 on the primary carbon source, and glucose consumption commenced immediately after the primary carbon source was exhausted in batch culture, although at a much slower rate. For example, ALS1406 consumed 7 g l À1 xylose as the sole carbon source completely in 5.5 h with a MAX of 0.81 h À1 , essentially the same growth rate as the 0.84 h À1 observed with wild-type E. coli W. In the presence of both xylose and glucose, xylose was again completely consumed in about 5.5 h ( MAX =0.78 h À1 ), during which very little glucose was consumed (Fig. 1 ). Approximately 0.1 g l À1 acetate was observed as the only by-product during xylose consumption. After xylose was exhausted, glucose was slowly consumed during the subsequent 18 h, and the cells grew at a specific growth rate of 0.03 h À1 (20-28 h doubling time). The numerous samples examined allowed an accurate determination of the biomass yield during xylose consumption (0.35 g g
À1
) and during glucose consumption (0.29 g g À1 ), and the~15 % lower biomass yield during glucose consumption suggests that the pathways used during glucose metabolism are less energetically efficient than the pathways used during xylose consumption. Mixtures of glucose with diverse substrates including glycerol or succinate also behaved in an identical manner (data not shown). W ptsG manZ glk similarly showed little effect on the consumption of arabinose on arabinose-glucose mixtures. However, in this case, a distinct and consistent lag (of about 10-15 h) was observed between the time of arabinose exhaustion and the initiation of glucose consumption (data not shown).
For the carbon sources selected, the only change in growth resulting from the presence of glucose was observed for galactose-glucose mixtures. In this case, glucose slowed the metabolism of galactose, and a significant fraction of the glucose was co-metabolized with this primary carbon source. In a medium containing galactose as the sole carbon source, ALS1406 attained a MAX of 0.42 h À1 , 36 % lower than the growth rate observed for wild-type E. coli W (0.66 h À1 ). In a medium containing both galactose and glucose, the presence of glucose caused a lag in galactose consumption, with only 0.25 g l À1 galactose being consumed in the first 12.5 h (Fig. 2a) . Then, the remaining galactose was consumed over the next 9 h at a growth rate of 0.30 h À1 , with about 1.6 g l À1 glucose consumed simultaneously, particularly during the latter portion of this interval. Finally, the remaining glucose was consumed quickly after galactose was depleted (Fig. 2a) . In order to further verify that glucose affected galactose consumption, another set of batch experiments was conducted. For these experiments, the culture was initiated in a medium containing galactose alone, and the cells grew immediately. When the OD reached about 1.0, approximately 6 g l À1 glucose was added. Although no lag phase was observed after the glucose was added, the growth rate on galactose shifted immediately from over 0.45 h À1 to 0.26 h À1 (Fig. 2b) . Once galactose was depleted, the remaining glucose was consumed at a specific growth rate of 0.08 h component is also involved in the transport of several other carbohydrates, including maltose, we were interested to determine whether a deletion in the enzyme IIA component of the glucose PTS in E. coli coded by the crr gene would further diminish glucose consumption in the presence of other monosaccharides. Strain ALS1368 (W ptsG manZ glk crr) was constructed and grown in a controlled bioreactor using one sugar or sugar mixtures.
The additional crr knockout reduced the growth rate of E. coli ALS1368 compared to ALS1406 when either xylose or arabinose was used as the sole carbon source. However in mixtures, the crr knockout did not significantly alter glucose consumption after these primary carbon sources were exhausted. For example, ALS1368 grown on xylose as the sole carbon source attained a MAX of 0.65 h
, which was about 20 % lower than the growth rate of ALS1406 (0.81 h
). In the presence of both xylose and glucose, xylose was exhausted first at 0.62 h
, and only then was glucose slowly consumed at 0.03 h
, similar to the results with ALS1406 (e.g. Fig. 1 ). On the xylose-glucose mixture we obtained numerous samples, and again observed a reduction of biomass yield from glucose (0.30 g g ), whereas in a medium containing both arabinose and glucose, arabinose was consumed first (at 0.64 h À1 ), and after a 10-15 h lag, glucose was subsequently consumed slowly with a growth rate of 0.06 h
. The additional crr knockout surprisingly elevated the growth rate on galactose, but did not materially affect the simultaneous consumption of galactose and glucose. Specifically, in a medium containing galactose only, ALS1368 attained a growth rate of 0.52 h À1 , 24 % greater than the growth rate of ALS1406 on galactose (but 21 % lower than the growth rate of wild-type W), and when both galactose and glucose were present, the glucose was consumed slightly more slowly than galactose, as observed with ALS1406 (data not shown).
Comparison of growth rates of E. coli crr with wildtype One unexpected result in comparing ALS1406 and ALS1368 was the observation that the additional crr deletion significantly reduced the growth rate on xylose or arabinose as the sole carbon source, but increased the growth rate on galactose. In order to determine whether a crr knockout alone affects growth on these carbohydrates, and whether this result is specific to W, we constructed MG1655 crr and compared the growth rates of this strain with those for wild-type MG1655 in shake-flask experiments. The maximum specific growth rate on glucose was about 40 % lower using MG1655 crr compared to MG1655, and the MAX values for MG1655 crr were also 19 and 28 % lower than the specific growth rate of MG1655, respectively, on xylose and arabinose (Fig. 3) . With galactose or fructose as the sole carbon source, the MAX values were respectively 31 or 10 % greater for MG1655 crr than for MG1655.
Nutrient-limited steady-state growth
Except for the case of galactose-glucose mixtures, the consumption of glucose in batch cultures using ALS1406 appeared to occur only after the other carbon source was exhausted. Additional studies were therefore performed to confirm whether glucose could be metabolized simultaneously with these other carbon sources. Because a chemostat reaches steady-state under nutrient-limiting conditions, this tool can be used to determine definitively whether or not glucose is consumed in the excess presence of the primary carbon source. For example, glucose catabolite repression is absent during the growth of E. coli in chemostat culture at low dilution rate because of the sub-saturating concentration of glucose [23] . Thus, under carbon limitation the primary carbon source will be present at a subsaturating concentration, whereas under nitrogen-limited conditions the primary carbon source remains at a much greater concentration, although in either case the bacterial cells will grow and consume one or both carbon sources. A growth rate (dilution rate) of 0.25 h À1 was selected because this rate is far above the µ MAX observed for growth on glucose but below the µ MAX on arabinose, xylose, galactose and succinate. Thus, we anticipated that the bacteria would only be able to consume a portion of the glucose despite being carbon-limited.
For carbon-limited steady-state growth using xylose (X), arabinose (A), galactose (Gal), or succinate (S), the presence of glucose (G) slowed the primary carbon source uptake by 8, 20, 45 and 25 %, respectively (Table 2 ). In the arabinoseglucose mixture the molar ratio of monosaccharide consumption (A:G) was 10.3; in xylose-glucose this ratio (X:G) was 10.6; in galactose and glucose this ratio (Gal:G) was 1.1; while in succinate and glucose this ratio (S:G) was 16.9. In other words, glucose was indeed consumed slightly but not completely under carbon-limited conditions when any of these other carbon sources was sub-saturating. ALS1406 metabolized nearly equimolar quantities of galactose and glucose under carbon-limited conditions (galactose was nearly exhausted but not glucose). Moreover, in each case the consumption of glucose displaced some of the cells' demand for the primary carbon source, so that the cell yield based on moles of carbon consumed in the presence of glucose was similar to the cell yield in the absence of glucose.
Note that the primary carbon source was not detected in the effluent for any of the mixed-sugar carbon-limited chemostats containing glucose. For example, the presence of glucose in the xylose-glucose mixture resulted in the generation of slightly more cells than were found in the xylose-only culture, rather than residual xylose in the effluent. Thus, one cannot conclude from the results shown in Table 2 that the presence of glucose affects the metabolism of the primary carbon source. Instead, the results merely show that E. coli ptsG manZ glk cells are able to consume some glucose when the primary carbon source is sub-saturating. Since the rate at which these xylose-consuming cells can maximally uptake glucose is lower than the dilution rate, the cells are unable to consume all of the glucose.
The carbon-limited steady-state results demonstrated that E. coli ptsG manZ glk is able to metabolize glucose slowly when the other carbon source is sub-saturating. To determine whether glucose would be consumed similarly when the other carbon source was in excess in the medium, we conducted a nitrogen-limited chemostat with ALS1406 at the same growth rate using a xylose-glucose mixture (Table 2 ). In this case, the specific xylose consumption was 4.94 mmol gh
À1
, an increase of 20 % over the xylose consumption rate observed during the carbon-limited chemostat. Under these xylose-excess conditions the cells showed a specific glucose formation rate of 0.20 mmol gh
, and the biomass yield calculated on the basis of xylose alone decreased by 15 %. Thus, the nitrogen-limited steady-state experiment showed conclusively that E. coli ptsG manZ glk was unable to consume glucose in the excess presence of xylose, and in fact appeared to generate glucose under these conditions: 1 mole of glucose was generated for every 26.7 moles of xylose consumed.
Transcriptome analysis
In order to gain some insight into what pathways might be used for the metabolism of glucose in E. coli ptsG manZ glk, transcriptome analyses were conducted using microarrays. Specifically, we determined which genes were up-or down-regulated in the presence of glucose compared to the absence of glucose by ALS1406 by comparing gene expression during steady-state carbon-limited growth on xylose versus xylose-glucose, and succinate versus succinateglucose. A comparison of ALS1406 growing on succinate to ALS1406 growing on the succinate-glucose mixture revealed no significant difference in gene expression. In contrast, five genes were at least two-fold upregulated in ALS1406 growing on the xylose-glucose mixture compared to ALS1406 growing on xylose (Table 3) . Among the five genes, the gene coding D-allose kinase (alsK) was upregulated in the presence of glucose, and indeed this enzyme has previously been shown to phosphorylate glucose weakly [24] .
Batch growth with additional gene knockouts
Because alsK was upregulated in the presence of glucose during growth on xylose-glucose mixtures, we suspected allose kinase might be responsible for the glucose consumption observed in ALS1406 after xylose had been exhausted (Fig. 1) . We therefore constructed strain ALS1903 (W ptsG manZ glk alsK) and grew the strain with xylose, xylose-glucose, arabinose or arabinose-glucose in a controlled bioreactor using the same methodology. Unfortunately, ALS1903 showed no change in consumption on any of these carbon sources compared to ALS1406. For example, on xyloseglucose, xylose was consumed first at a growth rate of 0.82 h À1 and then glucose was slowly consumed during the subsequent 20 h. The metabolism of glucose by ALS1903, despite the differential transcriptome results suggesting alsK played a role in glucose phosphorylation, leads us to conclude that either glucose consumption is not regulated at the level of transcription, or that consumption is controlled by one of the other genes listed in Table 3 . q Pr, specific consumption rate of the primary carbon source; q G, specific glucose consumption rate; Y Cells/C, observed yield coefficient (g biomass/mol C consumed from primary carbon source and from glucose).
In an attempt to eliminate glucose consumption, additional knockouts were constructed in ALS1406 and examined using xylose-glucose mixtures. We examined strains with deletions in the ptsG manZ glk genes and additionally a deletion in the agp (periplasmic glucose-1-phosphatase), galK (galactose kinase), galP (galactose permease), nanK (N-acetyl mannosamine kinase), mglB (methyl-galactose transporter subunit), nagE (N-acetyl glucosamine PTS enzyme IICBA), malE (maltose transporter), malX (maltose PTS enzyme IIBC), pgm (phosphoglucose mutase) or mak (mannokinase) gene. Because xylose isomerase can reportedly convert D-glucose to D-fructose [25] , we also examined ALS2653 (ptsG manZ glk xylA) using both the arabinoseglucose and glycerol-glucose mixtures, since the deletion of the xylA gene (xylose isomerase) prevents growth on xylose.
Based on previous observations, we speculated that any one of these enzymes might participate in the slow metabolism of glucose by ALS1406. For example, glucose-1-phosphatase has been described as a glucose scavenger [26] , and although galactokinase does not mediate glucose phosphorylation, key mutations in the active site will allow glucose conversion [27] . However, in xylose-glucose mixtures, each of these strains performed indistinguishably from ALS1406: consuming xylose at growth rates of 0.75-0.85 h À1 , followed by the consumption of glucose at a growth rate of about 0.03 h
À1
. Similarly, in either arabinose-glucose or glycerolglucose, ALS2653 metabolized arabinose or glycerol first, followed by the consumption of glucose. We therefore conclude that other gene(s), or a combination of more than one of these additional genes, are responsible for both the uptake and phosphorylation of glucose in E. coli.
Batch growth with E. coli ptsG manZ glk pgi zwf The metabolism of glucose by E. coli involves its conversion to glucose-6-phosphate (glucose-6P), which then enters the Embden-Meyerhof-Parnas (EMP) pathway via phosphoglucose isomerase (encoded by pgi) or the pentose phosphate pathway via glucose-6-phosphate 1-dehydrogenase (encoded by zwf). Although we were unable to determine which additional gene was responsible for glucose uptake, we wanted to confirm that this uptake occurs through glucose-6P. In batch culture, ALS2289 (W ptsG manZ glk pgi zwf) showed very limited glucose consumption following the exhaustion of either xylose (Fig. 4a) or arabinose (Fig. 4b ) in xylose-glucose or arabinose-glucose mixtures. In the case of a xylose-glucose mixture, about 2 g l À1 glucose was consumed over the course of 40 h after xylose exhaustion. However, the rate of glucose consumption slowed to zero, and the OD declined by 20 % during the interval, indicating that the brief glucose uptake could not be sustained. In the case of an arabinose-glucose mixture, no decrease in glucose concentration was observed, and the OD continued to decline. Although they were not examined, pgi and zwf knockouts without the additional ptsG, manZ and glk deletions would likely be sufficient to prevent growth on glucose; instead, this study merely demonstrates that in the strains examined (with ptsG manZ glk knockouts) metabolism flows through glucose-6P. Generation of glucose from xylose in ALS1406 under unsteady-state conditions A surprising result when ALS1406 was grown under nitrogen-limited conditions in a xylose-glucose mixture was that glucose appeared to be generated (Table 2) , a result not observed in any of the other chemostat experiments, which were all accomplished under carbon-limited conditions. Under these steady-state conditions, both xylose and glucose were present in the effluent, but the concentration of glucose in the effluent was slightly greater than the concentration of glucose in the feed, suggesting that glucose was formed from xylose, the only other carbon source present. We next conducted an experiment to confirm whether glucose was generated from xylose, and to calculate the associated metabolic fluxes. ALS1406 was grown in batch culture on a xylose-glucose mixture as before: in this case, however, approximately 10 h after xylose was exhausted (and while the cells were slowly metabolizing glucose), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] C]-xylose was introduced into the culture. If xylose were being converted into glucose, then the concentration of glucose would increase and be enriched with the 13 C label. Moreover, the 13 C-labelling pattern in the glucose would provide information on the pathways used by the cells in converting xylose to glucose. The results conclusively showed that glucose was indeed formed from xylose at a yield of 0.245 g g À1 during the interval in which xylose was present (Fig. 5) . Moreover, the glucose was enriched significantly at the [1-
13 C] and [3- In order to quantify the fluxes involved in the conversion of xylose to glucose, we constructed a metabolic model based on the upper pentose phosphate and EMP pathways. In our unsteady-state model, we assumed that both of the transketolase and transaldolase conversions were reversible and defined by two unconstrained exchange rates. The objective function was the minimization of the squared sum of the errors between the calculated 13 C distribution and the C]-glucose enrichment was lower than could be predicted by one pass through the xylose-toglucose pathway. This result is consistent with a portion of the glucose-6-phosphate re-entering the pentose phosphate pathway via the enzyme glucose-6-phosphate dehydrogenase, a process which involves decarboxylation of the 1-carbon and loss of [ 13 C]-CO 2 . The flux ratios at two nodes are of importance. From fructose-6P, 41 % of the flux is toward glucose-6-phosphate via glucose isomerase, while 59 % of the flux is through the EMP pathway to glyceraldehyde-3-phosphate (which partly returns to fructose-6-phosphate via transaldolase). Also, at the glucose-6-phosphate node, 69 % of glucose-6-phosphate is dephosphorylated to glucose, while 31 % re-enters the pentose phosphate pathway.
DISCUSSION
Previous research suggested that an E. coli ptsG, manZ and glk triple-knockout strain could not metabolize glucose [1] . The ptsG gene encodes the enzyme IICB of the glucose phosphotransferase system [2] , catalysing the PEP- . IICB is phosphorylated by P-IIA Glc in a reaction that is necessary for glucose phosphorylation [28, 29] . The manZ gene encodes the IID Man domain of the mannose PTS permease [3] , a constitutively synthesized glucose-phosphorylating enzyme II in E. coli which has two membrane-bound components. Mannose PTS permease phosphorylates glucose and mannose, as well as their derivatives altered at the C2 position [1] . The glk gene encodes glucokinase, an enzyme which phosphorylates glucose in the cytoplasm using ATP in strains devoid of the two PTS genes [4] .
Our study demonstrated that the ptsG manZ glk gene deletions in E. coli do not prevent the consumption of glucose. In carefully controlled batch growth studies using E. coli W ptsG manZ glk, we found that when this strain was grown in media containing glucose and another carbon source (arabinose, fructose, galactose, glycerol, succinate or xylose), glucose consumption was merely curtailed until the other, 'primary' carbon source was exhausted. Moreover, typically, cell growth on that primary carbon source was negligibly impacted by the presence of glucose. The exception to this rule was galactose, and in this case galactose-glucose mixtures significantly slowed growth, and both carbon sources were consumed simultaneously. Both galactose transport systems, the galactose ABC transporter (mglBAC) and galactose permease (galP), can transport glucose, and it is likely that the presence of galactose induces these systems, which allows glucose to be consumed concomitantly in the presence of galactose. The three knockouts (ptsG manZ glk) eliminated the glucose-mediated repression of pentose consumption.
Although additional knockouts in several proteins involved in carbohydrate transport and utilization were examined, this study unfortunately did not conclusively determine how glucose is transported or how glucose is phosphorylated in the ptsG manZ glk triple knockout. However, we were able to demonstrate that the deletion of phosphoglucose isomerase (pgi) and glucose-6-phosphate 1-dehydrogenase (zwf), which prevents the entry of glucose-6-phosphate into both the pentose phosphate and the Embden-Meyerhof-Parnas pathways, eliminated glucose consumption in a ptsG manZ glk strain. Moreover, the significantly lower biomass yield on glucose compared to xylose suggests that glucose metabolism in the ptsG manZ glk strain is energetically inefficient. E. coli has several permeases that can translocate glucose, including the Mgl galactose transporter, the maltose-affinity LamB receptor and the GalP galactose permease [30, 31] . When E. coli strains are devoid of the ptsH, ptsI and crr genes, GalP replaces the transport functions of the IICB Glc PTS protein [32] , although free glucose in the cytoplasm is thought to be phosphorylated by glucokinase [4] . However, our current study shows that the deletion of ptsG, manZ, glk and galP still metabolized glucose slowly after growth on xylose, demonstrating that some other process is involved in glucose consumption. Although the Mgl system was initially identified as a high-affinity galactose transport system [33] [34] [35] , the periplasmic protein has a K d of 0.2 µM for glucose [36] . At low extracellular glucose concentrations, the Mgl system contributes to glucose consumption and under glucose limitation, Mgl can at least partially supplant the PTS. Similarly, the sugar-binding site of LamB has a weak but measurable affinity for glucose and other mono-and disaccharides [37] , which could facilitate the permeation of these substrates across the outer membrane.
Another challenge is that E. coli can adapt to knockouts in phosphotransferase genes by elevating the expression of other genes responsible for the uptake of glucose and even secondary carbon sources. For instance, the expression of galP, mglB and lamB increase as a result of ptsH ptsI crr knockouts [31] . When growing on glucose as the sole carbon source, the ptsH ptsI crr knockout upregulated rpoS and other genes transcribed by the RpoS sigma subunit, including the poxB, acs and ackA genes. Therefore, this strain had an improved capacity to consume acetate and glucose simultaneously [31] . As a result of a ptsH ptsI crr knockout, PEP availability increased [38] , and carbon flux through the oxidative branch of the pentose phosphate pathway increased from 22 % to 58 % [31] . E. coli ptsH ptsI crr also showed increased fluxes in the TCA cycle and the glyoxylate shunt compared to the wild-type [4, 39] . These studies demonstrate that the PTS knockouts cause E. coli to adjust metabolic capacities in order to consume glucose and other carbohydrates [4] .
Differences between MG1655 and MG1655 crr or between ALS1406 and ALS1368 show that a crr gene knockout impacts pentose consumption, and further implicates the IIA Glc protein encoded by crr in the regulation of cell metabolism. The well-studied cAMP-CRP complex regulates more than 100 genes and operons in E. coli [40, 41] , and a crr knockout reduces the level of cAMP [42] . S. typhimurium crr mutants did not grow on several non-PTS compounds, including xylose, citrate, succinate and malate, a deficiency that could be overcome by the addition of external cAMP [43] . In the present study, with MG1655 crr we merely observed decreased growth on xylose and arabinose, but we observed enhanced growth when either fructose or galactose was the sole carbon source. Although surprising, this result is consistent with the dramatically opposite effect that glucose and fructose have on adenylate cyclase activity in E. coli: the presence of 0.3 % glucose reduces activity by 90 %, while the presence of fructose increases activity over two-fold [44] . Clearly fructose (and as we observed galactose) relieves cAMP control of metabolism. Nevertheless, despite the significant decrease in growth rate on xylose and arabinose, the additional crr knockout in E. coli ptsG manZ glk had no effect on glucose consumption after either pentose was exhausted.
A comparison of growth on xylose under nitrogen-and carbon-limited conditions demonstrated that glucose is only metabolized when xylose is sub-saturating. This result suggests that the route for glucose consumption in E. coli ptsG manZ glk is enzymatically blocked or transcriptionally repressed by xylose. This interpretation is complicated, however, by the substantial differences in global regulation between nitrogen-limited and carbon-limited conditions [45, 46] , and by the unexpected result of glucose formation under nitrogen-limited, or xylose-excess, conditions. Although the glucose formation was small under steadystate conditions (1 mol glucose formed/26.7 mol xylose consumed), glucose formation during the transient dosing of xylose was readily observable (1 mol glucose formed/4.9 mol xylose consumed). The difference between glucose formation under these two conditions is likely due to the sudden nature of xylose addition (i.e. unsteady-state), which would be more likely to facilitate the transient accumulation of an intracellular metabolite such as glucose-6-phosphate, which encourages the formation of glucose. Further, close reexamination of batch results (e.g. Fig. 1 ) suggests that some glucose was also formed from xylose under these unsteadystate conditions. We continued to examine the conditions of glucose formation in E. coli.
13 C-labelling results confirmed that this non-steady-state glucose formation can be explained by the reversible action of the pentose phosphate pathway enzymes transketolase and transaldolase in a strain which has curtailed ability to uptake glucose.
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